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E-mail address: Klaus.Grasser@biologie.uni-regensTFIIS is a transcript elongation factor that facilitates transcription by RNA polymerase II through
blocks to elongation. Arabidopsis plants lacking TFIIS are affected in seed dormancy, which repre-
sents a block to complete germination under favourable conditions. We have comparatively proﬁled
the transcript levels of seeds of tfIIsmutants and control plants. Among the differentially expressed
genes, the DOG1 gene was identiﬁed that is a QTL for seed dormancy. The reduced expression of
DOG1 in tfIIs seeds was conﬁrmed by quantitative RT-PCR and Northern analyses, suggesting that
down-regulation of DOG1 expression is involved in the seed dormancy phenotype of tfIIs mutants.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction TFIIS is a factor conserved among eukaryotes, and recently weGene transcription by RNA polymerase II (RNAPII) proceeds
through multiple stages including promoter recruitment, initia-
tion, elongation and termination. In recent years, it has become
apparent that the synthesis of mRNA during the elongation phase
is a dynamic and highly regulated step in gene expression that re-
quires the concerted action of a variety of transcript elongation fac-
tors [1–3]. One of the factors regulating transcript elongation is
TFIIS, which was identiﬁed as an activity that facilitated transcript
elongation by promoting RNAPII readthrough of various blocks to
transcript elongation including arrest sites by enhancing the
intrinsic RNA nuclease activity of RNAPII [4,5]. The endonucleolytic
cleavage of the nascent transcript results in creation of a new
30-end of the transcript that is located in the RNAPII active site
correctly base-paired to the DNA template and can be extended.
TFIIS induces also extensive structural changes in RNAPII and it
facilitates realignment of the RNA in the active site for catalysis
[6,7]. In addition, TFIIS is involved in the release of RNAPII from
promoter proximal stall sites [8], and in transcript initiation [9,10].chemical Societies. Published by E
delay of germination 1; QTL,
polymerase chain reaction;
t Biochemistry, Regensburg
g, Germany. Fax: +49 941
burg.de (K.D. Grasser).have characterised a plant representative from Arabidopsis. The
42-kDa Arabidopsis TFIIS is a nuclear protein that shares 25% amino
acid sequence identity with yeast TFIIS. It can partially comple-
ment the characteristic 6-azauridine sensitivity of mutant yeast
cells lacking the endogenous TFIIS, suggesting that the plant
protein acts as a transcript elongation factor [11]. Mutant Arabid-
opsis plants lacking TFIIS essentially grow and develop normally,
but they are severely affected in seed dormancy. Thus, fully devel-
oped tfIIs seeds harvested 15 days after ﬂowering (DAF, when sili-
ques are still green) germinate efﬁciently (without prior after
ripening), while control seeds hardly germinate under these condi-
tions [11]. Consistent with that, TFIIS is encoded by the Arabidopsis
RDO2 locus [12] that was identiﬁed earlier by its role in reduced
seed dormancy [13,14]. We reasoned that the absence of TFIIS in
the mutant tfIIs seeds may affect the expression of gene(s) that
are critical for seed dormancy. Therefore, we have compared here
the global transcript proﬁles of 15 DAF seeds of tfIIs mutant and
control lines.
2. Materials and methods
2.1. Plant material
Arabidopsis tfIIs-1and tfIIs-2 mutant [11] and Col-0 control
plants were grown in a growth chamber under long-day conditions
as described previously [15]. To ensure the correct age of thelsevier B.V. All rights reserved.
Table 1
DeepSAGE library statistics.
Sample Total tags
sequenced
No of tags
included
No of unique
tags included
Col-0-r1 269 707 210 095 6887
Col-0-r2 529 056 459 460 9817
Col-0-r3 764 986 650 339 13 942
Col-0-r4 656 996 544 588 17 909
tfIIs-1-r1 715 426 597 842 17 655
tfIIs-1-r2 464 013 377 504 10 609
tfIIs-1-r3 472 654 394 136 13 120
tfIIs-1-r4 701 609 560 982 32 828
tfIIs-2-r1 521 632 445 234 7127
tfIIs-2-r2 469 192 399 952 9191
tfIIs-2-r3 645 577 519 233 15 220
tfIIs-2-r4 715 791 590 559 17 473
1930 S.A. Mortensen et al. / FEBS Letters 585 (2011) 1929–1933analysed seeds, ﬂowers were labelled upon bud opening as de-
scribed previously [11].
2.2. Transcript proﬁling using DeepSAGE
500 ll RNAqueous Lysis buffer was added to 100–200 mg plant
tissue in a Precellys CK14 tissue homogenization tube (including
balls) and subjected to 3 cycles of 5 s (with 5 s pause in between)
homogenization at 6500 rpm using a Precellys mechanical homog-
enizer (Bertin Technologies, France). Following centrifugation at
12000g at room temperature for 5 minutes, 400 ll supernatant
was transferred to a new tube and 500 ll of Phenol:Chloroform:Iso-
amylalcohol (25:24:1) was added, mixed and centrifuged for 5 min
at 12000g. 200 ll of the top phase was added to 200 ll of 64%
ethanol and transferred to an RNAqueous ﬁlter. Total RNA was
obtained using the RNAqueous protocol from this step. RNA purity
and concentration were analyzed by gel electrophoresis and
spectroscopic analysis. RNA quality was evaluated by observing
the integrity of 28S rRNA versus 18S rRNA from the agarose gels.
Twolg of total RNA per samplewas used to construct 12 DeepSAGE
tag libraries [16] using amodiﬁcation to facilitate direct sequencing
of the amplicons by Solexa/Illumina sequencing [17]. Sequencing
was performed using an Illumina Genome Analyzer (Illumina, San
Diego, USA) according to the manufacturer’s instructions.
2.3. DeepSAGE data analysis
Data were analysed essentially as previously described [16].
17-nt tags were extracted from obtained FastQ sequence ﬁles were
obtained and converted to sequence tag tables using the PERL script
SolexaTagExtractionPipeline.pl (all perl scripts and tag tables are
available at solanumdata.dk). Following analysis of replicates to
determine variation and identify possible outliers (no libraries were
excluded), tags observed ﬁve times or less were excluded. The
remaining tag counts were normalized to counts per million per
library to facilitate comparison across libraries. Transcripts show-
ing a signiﬁcant differential gene expression were identiﬁed by
pair-wise comparison using a Student’s t-test with a p-value
<0.05 as signiﬁcance criteria. Only signiﬁcantly changed transcripts
also displaying a least two fold change of gene expression were
accepted for further analysis. The signiﬁcantly changed 21-nt
sequence tags (including the anchoring enzyme recognition site
CATG) were annotated using perfect matching to genes in the
following depositories: RefSeq Arabidopsis cDNA pr. 11/9/2010
using the perl script GlobalSAGEmap-V15. The gene expression of
the resulting list of genes was hierarchically clustered using Cluster
3.0 and visualized using Java Treeview v 1.1.4r4.2.4. rtPCR and Northern analysis
Total RNA was isolated from seeds of different age using a de-
scribed method [18]. For reverse-transcribed qPCR, cDNA synthesis
and real-time PCR were performed as described previously [19]
using a Mastercycler realplex (Eppendorf) including the Eppendorf
realplex Software and the gene At4g14960 served as reference.
Northern blot analysis and semi-quantitative rtPCR were
performed as described previously [11]. All PCR primers used are
listed in Table S1.
3. Results and discussion
3.1. Transcript proﬁling of tfIIs and control seeds
For comparative transcript proﬁling, RNAwas extracted and pre-
pared for DeepSAGE [16] from 15-DAF Arabidopsis seeds of the twotfIIsmutant lines and Col-0 wild type (four biological replicates for
each line). Ultra-high-throughput DNA sequencing of the samples
resulted in between 269 707 and 764 986 sequence tags for each
replicate (Table 1). In comparison, a DNA microarray experiment
has been shown to have a sensitivity equivalent to approximately
150 000 tags [20]. Low abundance tags (all tags that were not ob-
served more than ﬁve times) constituted between 13% and 22% of
the data sets and were excluded from further analysis, consistent
with previous SAGE studies [16,21,22]. The average number of un-
ique tags observedmore than ﬁve-times in each library was 14 315.
While most samples show a reasonable consistency between the
number of tags sequenced and the number of unique tags that
met the low abundance cut off threshold, tfIIs-1-r4 show an in-
creased diversity with no less than 32 828 unique tags with an
abundance above ﬁve. The reason for this is unknown, but correla-
tion analysis of the replicates did not show a signiﬁcant overall dif-
ference between the transcript levels of this replicate with any of
the others (data not shown), so it was not excluded from further
analysis. The presence of excess amounts of duplicate ditags was
analysed according to [23] (data not shown) and it was concluded
that the transcript data were of good quality and of sufﬁcient depth
to allow comprehensive proﬁling of gene expression.
The libraries of the two tfIIsmutants were compared to the wild
type using Student’s t-test and 130 (tfIIs-1) and 144 (tfIIs-2) tags
were found to be differentially regulated (Fig. 1A). The expression
of the corresponding genes was clustered (Figs. S1 and S2) and
showed separation of the samples into groups of replicates as ex-
pected. Of these genes, 26 were found to be differentially ex-
pressed in both mutant lines versus the wild type and these
were clustered as well (Fig. 1B). Interestingly, all 26 transcripts
were found to be down-regulated, while in a previous microarray
experiment comparing seedling RNA of tfIIs and Col-0 predomi-
nantly down-regulated, but also up-regulated transcripts were
found [11]. However, it is difﬁcult comparing data obtained with
different technological platforms not to say from different tissue
types (seedling vs. seed). In view of the observed seed dormancy
phenotype of the tfIIs mutants [11], we searched the differentially
expressed genes of the DeepSAGE data for candidates that are
known to be involved in seed dormancy [12,24]. The only candi-
date consistently down-regulated in both tfIIs lines was the gene
Delay of germination 1 (DOG1), for which we found reduced tran-
script levels of 45% (tfIIs-1) and 35% (tfIIs-2) (Fig. 1C). DOG1 was
identiﬁed as a quantitative trait locus controlling seed dormancy
in Arabidopsis, and the corresponding gene is seed-speciﬁcally ex-
pressed and encodes a protein with unknown function [25,26].
3.2. DOG1 transcript levels are reduced in tfIIs mutant seeds
To verify the down-regulation of DOG1 in the tfIIs lines, the
DOG1 transcript levels of seeds at different developmental stages
Fig. 1. Comparative transcript proﬁling of 15 DAF seeds of tfIIs lines and Col-0. (A) Venn diagram showing the number of differentially regulated genes between Col-0 and
tfIIs-1 and tfIIs-2, respectively. (B) Hierarchical clustering of gene expression of 26 genes that were found to be differentially expressed in both mutant lines. Yellow indicates
expression, black indicates no expression. For visualisation purposes, gene expression was normalised to the maximal value for each gene. (C) Expression of DOG1 as tag
counts per million. Error bars indicate the standard error of the mean (n = 4).
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using quantitative reverse-transcribed PCR. The real-time PCR
analysis using primers annealing within the 50 part of the DOG1
coding sequence revealed that with 9, 12, 16 day old seeds, the tfIIs
lines displayed lower DOG1 transcript levels than Col-0 (Fig. 2A),
and the down-regulation was comparable to the DeepSAGE data.
Since TFIIS can facilitate the readthrough blocks to transcript elon-
gation [4,5], we examined the DOG1 transcript additionally by
Northern blot analysis, to detect possible truncated transcripts that
may be caused by the absence of TFIIS in the mutant lines. Total
RNA was isolated from seeds (9, 14 and 16 DAF) of the tfIIs lines
and Col-0, and hybridised against a 699-bp DOG1-speciﬁc probe.
This experiment (Fig. 2B) showed that (i) consistent with the rtPCR
experiment and the DeepSAGE data, there are decreased DOG1
transcript levels in the tfIIs lines relative to Col-0, (ii) in line with
previous results obtained with Ler seeds [26], DOG1 transcript lev-
els increase during Col-0 seed development and drop at the end of
seed development, and (iii) both in tfIIs and Col-0 seeds, no tran-
scripts were detected in addition to the expected predominant
1100-bp DOG1 transcript. Using primers speciﬁc for TFIIS, we also
checked by rtPCR whether the TFIIS transcript level is altered dur-
ing seed development in Col-0. The semi-quantitative rtPCR analy-
sis revealed a slight increase in the TFIIS transcript level from 9 to
16 DAF, reﬂecting a possibly increased requirement for TFIIS action
as seed development advances.In the past years, it emerged that transcript elongation factors
can control various aspects of higher eukaryote development, most
likely by regulating the expression of genes that play key roles in
developmental processes [27,28]. Due to the relative conservation
of some known transcript elongation factors, Arabidopsis is a prom-
isingmodel to study the role these proteins play in the development
of multicellular organisms [29,30]. Our experiments show that the
transcript levels of DOG1 are decreased in the seeds of Arabidopsis
plants lacking the transcript elongation factor TFIIS.DOG1was iden-
tiﬁed as a quantitative trait locus that has a strong effect on Arabid-
opsis seed dormancy [25]. The expression of DOG1 is seed-speciﬁc
and transcript levels drop during seed imbibition. Inactivation of
DOG1 resulted in a non-dormant phenotype and transformation of
the DOG1 allele of the Arabidopsis Cvi ecotype (which displays pro-
nounced seed dormancy) into the laboratory strain Ler (which dis-
plays low seed dormancy) caused a strong dormant phenotype.
Among Arabidopsis accessions with varying dormancy a diversity
in the expression level of DOG1 was observed that is primarily
caused by polymorphisms in the regulatory region of DOG1 [26].
In view of the critical role of DOG1 expression in Arabidopsis seed
dormancy, it is likely that the decreased DOG1 transcript levels in
the tfIIs seeds cause the reduced seed dormancy, which is seen in
the absence of TFIIS [11]. It is possible that TFIIS as a transcript elon-
gation factor facilitates the transcription of the DOG1 gene, but cur-
rently there is no evidence for such a mechanism.
Fig. 2. Reduced DOG1 transcript levels in the absence of TFIIS in Arabidopsis seeds. (A) Decreased DOG1 transcript levels in seeds of different age of the tfIIs lines relative to
Col-0, as measured by real-time rtPCR. The bars of the histogram (using the tubulin gene At4g14960 as a reference) represent the means of triplicates and standard deviation
is indicated. (B) Reduced DOG1 expression in tfIIs lines as determined by Northern blot analysis of total RNA using a DOG1-speciﬁc hybridisation probe (top panel). An
ethidium bromide stain of the rRNA is shown as loading control (bottom panel) of the samples. (C) TFIIS transcript levels in seeds determined by semi-quantitative rtPCR,
using the RimM gene as a reference.
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